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The antibodies were purified by standard Protein A/G chromatography (Thermo Fisher Scientific, IL) and were analyzed by SDS-PAGE.
Flow Cytometry Analysis and Competition Assay
Cells were first blocked with blocking buffer (PBS supplemented with 3% BSA) at 4 °C for 10 min and then incubated with various concentrations of antibodies in blocking buffer for 1 h. Cells were then washed with PBS and incubated with Alexa Fluor 647 conjugated goat anti-human IgG ( Life Technologies, CA) in blocking buffer following manufacturer's instruction. After incubation, cells were washed and analyzed by LSR II flow cytometer (Becton Dickinson). In a competition experiment, cells were preincubated with various concentrations of antibodies in blocking buffer at 4 °C for 30 min.
Fluorescein conjugated mouse anti-human CXCR4 monoclonal antibody (Clone 12G5, R&D system) was added in blocking buffer to a final concentration of 10 µg/mL for an additional 30 min. Cells were then washed with PBS and analyzed by a flow cytometer.
Tag-lite HTRF Binding Assay
The Tag-lite HTRF binding assay was performed by following manufacturer's suggested procedure. Briefly, 10 6 Tag-lite labeled CXCR4 cells were thawed at 37 °C, centrifuged for 5 min at 1200g, and re-suspended in 2.7 ml 1X Tag-lite buffer after removal of supernatant. The cells were incubated with increasing concentrations of antibodies and 50 nM of fluorescent ligand (Chemokine CXCR4 receptor red agonist) for 3 h at room temperature. The signal was recorded by an EnVision multilabel plate reader (PerkinElmer) at 620 nm and 665 nm with 340 nm excitation. The binding between CXCR4 and SDF-1 was represented by ratio of signal 665/620*10000. The K i s between antibodies and CXCR4 were calculated based on the Cheng-Prusoff equation:
is the fixed concentration of SDF-1 and EC 50 is the concentration of SDF-1 that results in half maximal activation of the CXCR4 receptor.
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SDF-1 Chemotaxis Assay
An HTS transwell plate with 5.0 µm pore polycarbonate membrane (Corning Incorporated) was coated with human fibronectin (20 µg/ml) in PBS for 2 h at 37 °C.
Ramos cells were washed with PBS and resuspended in assay medium (1% BSA in HEPES buffered RPMI) at a concentration of 10 6 cells/ml. Cells were starved in assay medium for 4 h at 37 °C and then incubated with various concentrations of antibodies for 1 h. After preincubation, 5×10 5 cells were loaded onto the top chamber of the transwell plate in a volume of 100 µL. The bottom wells were filled with 80 µl of SDF-1 (10 ng/ml) and antibodies at the same concentration as the corresponding top wells. Cell migration was allowed to proceed for 3 h at 37 °C. Migrated cells were quantified by the addition of 10 µl prestoblue (Life Technologies, CA) and 10 µl FBS and fluorescent signal was recorded on a Spectramax fluorescence plate reader at 590 nm with 550 nm excitation.
Calcium Flux Assay
Cells were washed with HBSS/HEPES (30 mM), and resuspended in Fluo-4 direct labeling solution (Life Technologies, CA). The labeling reaction proceeded for 30 min at 37 °C and then room temperature for an additional 30 min. Fluo-4 loaded cells were washed with HBSS/HEPES twice and resuspended in the assay buffer (HBSS with 30 mM HEPES and 2.5 mM probenecid) at a density of 10 6 cells/ml. Antibodies were added and incubated with loaded cells for 1 h before reading the plate. Calcium flux signals were recorded on a fluorescence laser-imaging plate reader (FLIPR; Molecular Devices) immediately upon addition of SDF-1 at a final concentration of 50 nM. Figure S1 . SDS-PAGE gel of purified bAb-AC1 and bAb-AC4 with or without reducing reagent. Figure S2 . Flow cytometry analysis of CXCR4 expression on CHO cells with or without CXCR4 transfection using FITC labeled 12G5. Cells were blocked with blocking buffer (PBS supplemented with 3% BSA) at 4 °C for 10 min followed by 30 min incubation with 10 µg/mL FITC labeled 12G5 prior to the analysis. No peak shift was observed for non-transfected CHO cells and staining only occurs for CXCR4 transfected cells.
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Supporting Figures
S5 Figure S3 . SDF-1 binds to CXCR4 with a K d value of 14.2 ± 1.2 nM determined by Taglite HTRF binding assay. Tag-lite labeled CXCR4 cells were incubated with increasing concentrations of the fluorescent SDF-1 for 3 h at room temperature. The signal was recorded by an EnVision multilabel plate reader (PerkinElmer) at 620 nm and 665 nm with 340 nm excitation. Figure S4 . Competitive binding assay. Antibody bAb-AC1 competes with 12G5 (66.6 nM) for binding to Jurkat cells in a dose dependent manner with an IC 50 value of 39.3 nM. Jurkat cells were incubated with increasing concentrations of bAb-AC1 in blocking buffer (PBS supplemented with 3% BSA) at 4 °C for 30 min followed by fluorescein conjugated 12G5 treatment at a final concentration of 10 µg/mL for an additional 30 min. Cells were then washed with PBS and analyzed by a flow cytometer. Figure S5 . Design of BLV1H12 CDR2 fusion bAb-AC4. (A-C) Schematic representation of BLV1H12, bAb-AC1 and bAb-AC4. Heavy chain is in blue, light chain is in green, BLV1H12 CDR3 stalk is in yellow, knob domain is in purple, engineered β-hairpin peptide is in red. (D) Structure of BLV1H12 showing the design of bAb-AC4. β-hairpin peptide is grafted at the CDR2 region marked in yellow. Ten amino acids residues (red), TSVHQ on β strand F and WHVDV on β strand G from the BLV1H12 heavy chain variable region are maintained (marked in red) and sealed with a flexible GGGGS linker. These 10 residues are located at the very bottom of the CDR3H stalk, and are structurally conserved in the conventional immunoglobulin fold based on crystal structural analysis. Figure S6 . Flow cytometry analysis of bAb-AC4 (1 µg/mL) binding to (A) Jurkat cells and (B) CHO cells. Cells were first blocked with blocking buffer (PBS supplemented with 3% BSA) at 4 °C for 10 min and then incubated with various concentrations of antibodies in blocking buffer for 1 h. Cells were then washed with PBS and incubated with Alexa Fluor 647 conjugated goat anti-human IgG (0.5 µg/ml) in blocking buffer.
After incubation, cells were washed and analyzed by flow cytometry. (C) bAb-AC4 (200 nM) completely blocks the binding between12G5 (66 nM) and Jurkat cells. Jurkat cells were preincubated with 200nM bAb-AC4 in blocking buffer at 4 °C for 30 min. Fluorescein conjugated 12G5 was added in blocking buffer to a final concentration of 10 µg/mL for an additional 30 min. Cells were then washed with PBS and analyzed by a flow cytometer. Figure S7 . Specific bindings between bAb-AC4 and CXCR4 receptor determined by Taglite HTRF binding assay with a K i value of 0.9 nM. Tag-lite labeled CXCR4 cells were incubated with increasing concentrations of bAb-AC4 in the presence of 50 nM fluorescent ligand for 3 h at room temperature. The signal was recorded by an EnVision multilabel plate reader (PerkinElmer) at 620 nm and 665 nm with 340 nm excitation. Figure S8 . Pretreatment with 300 nM antibodies significantly reduced (bAb-AC1) or completely blocked (bAb-AC4) SDF-1 induced calcium flux in Ramos cells. Fluo-4 loaded Ramos cells were washed with HBSS/HEPES twice and resuspended in assay S8 buffer (HBSS with 30 mM HEPES and 2.5 mM probenecid) at a density of 10 6 cells/ml. Antibodies were added and incubated with loaded cells for 1 h and calcium flux signals were recorded on a fluorescence laser-imaging plate reader immediately upon addition of SDF-1 at a final concentration of 50 nM. Figure S9 . A cartoon representation of the migration assay. CXCR4 expressing cells migrate from top well of the transwell plate through a fibronectin layer to the bottom chamber filled with 10 ng/ml SDF-1. Figure S10 . Bottom chamber images of SDF-1 induced Ramos cell migration after treatment with no antibody, 12G5, or bAb-AC4 at 300nM, respectively. Migration assay was performed with human fibronectin (20 µg/ml) coated HTS transwell plate with 5.0 µm pore polycarbonate membrane. Starved Ramos cells in assay medium (1% BSA in HEPES buffered RPMI) were incubated with various concentrations of antibodies for 1 h with 5×10 5 cells/well in standard 96 well tissue culture plate and loaded into the top chamber of transwell plate. The bottom chamber were filled with 80 µl of SDF-1 (10 ng/ml) and antibodies at the same concentration as the corresponding top wells. Cell migration was allowed to proceed for 3 h at 37 °C and quantified by prestoblue assay.
